Identification of kinetic and thermodynamic factors that control crystal nucleation and growth represents a central challenge in materials synthesis. Here we report that apparently defect-free growth of La 2 MnNiO 6 (LMNO) thin films supported on SrTiO 3 (STO) proceeds up to 1-5 nm, after which it is disrupted by precipitation of NiO phases. Local geometric phase analysis and ensemble-averaged X-ray reciprocal space mapping show no change in the film strain away from the interface, indicating that mechanisms other than strain relaxation induce the formation of the NiO phases. Ab initio simulations suggest that oxygen vacancies become more likely with increasing thickness, due to the electrostatic potential build-up associated with the polarity mismatch at the film-substrate interface; this, in turn, promotes the formation of Nirich regions. These results suggest that the precipitate-free region could be extended further by increasing the oxygen chemical potential through the use of an elevated oxygen pressure or by incorporating electron redistributing dopants to suppress the built-in potential.
the presence of two different B-site cations in the double perovskite can lead to widespread anti-site defects, 16, 17 which can in turn favor oxygen vacancy formation. The interaction of cation species and oxygen vacancies provides a potentially unique way for double perovskites to screen interface charge and represents an unexplored driver for phase separation.
Here we report that, while synthesis conditions favor the formation of NiO precipitates inside LMNO films, 14 there is a 1-5 nm region at the LMNO / STO interface that is free of these defects. We then propose an atomic-scale mechanism that triggers the formation of Ni-rich regions outside of this near-interface region and suggest how precipitate morphology may be controlled by dynamically changing synthesis conditions.
We have prepared several 40 nm-thick La 2 MnNiO 6 films on STO (001) substrates using molecular beam epitaxy (MBE), as described elsewhere.
14 Figure 1 .A shows a cross-sectional high-angle annular dark field (STEM-HAADF) image of the sample, confirming a heteroepitaxial film structure with a sharp film-substrate interface. While the overall contrast in this region is uniform, we observe some contrast variations that indicate possible composition fluctuations. We have previously determined nanoscale NiO precipitate formation to be the origin of the contrast variations, but the onset of phase separation is unclear.
14 To assess the local strain state of the film, we perform geometric phase analysis (GPA), which allows us to measure local strain at nanometer-scale spatial resolution with ∼ 0.1% strain resolution directly from STEM images. 18, 19 Figure 1 .B shows a map of the in-plane strain (ε xx ) component, which exhibits a near constant value with only minor fluctuations. These local strain measurements show no indication of overall film strain relaxation, a finding present in multiple GPA maps and further supported by ensemble-averaged X-ray reciprocal space mapping (RSM). As shown in Figure 1 .C, the film is coherently strained to the substrate, with no relaxation within the resolution of our measurements. These results suggest that the formation of NiO precipitates is driven by factors other than strain relaxation and that further analysis of secondary phase morphology is needed to understand the nucleation process. showing that the LMNO layer is coherently strained in-plane.
along <111>-type directions, inclined 50-53
• to the substrate, compared to the theoretical angle of 54.7
• between the (111) and (001) planes. We find that both the LMNO matrix and the NiO secondary phase are crystalline: the former possesses a P 2 1 /n double perovskite structure, while the latter has a F m3m rock-salt structure. Figure   2 .B, which presents an inverted annular bright field (STEM-ABF) image that is sensitive to light elements in the structure. This unfiltered image is the result of non-rigid alignment, which improves signal-to-noise and reduces scan artifacts that can obscure the underlying data (see methods for details). Theoretical crystal structures have been overlaid onto this structure, showing the excellent lattice match between the phases, which are separated by a transition region likely resulting from tapering of the crystal in the beam direction.
Let us consider the epitaxial out-of-plane strain between the matrix and secondary phase.
Assuming bulk lattice parameters of c LMNO = 0.387 nm and c NiO = 0.417 nm, 21, 22 we expect a large out-of-plane lattice mismatch of,
Based on the behavior of other perovskite-based nanocomposites, 11 we expect that misfit dislocations will form to accommodate this strain. With an overall structural understanding of the NiO / matrix interface, we now discuss the mechanism of NiO precipitate formation. While STEM imaging provides valuable insight into local morphology, projection issues make it difficult to extract three-dimensional (3D) compositional information that can inform our models. We therefore performed atom probe tomography (APT) measurements, which allow us to reconstruct the 3D spatial distribution of individual elements at the nanometer scale. These observations point to a growth mechanism that depends on the LMNO film thickness and which can be affected by, for example, build-up of lattice strain and/or build-up of the electrostatic potential due to the polar mismatch at the interface. While strain relaxation via misfit dislocations and other defects is commonly encountered in oxide thin films, our GPA and XRD results suggest that such relaxation is minor. Anti-site defect clustering has been explored in the LiMnPO 4 and LiFePO 4 systems; while isolated defects were energetically preferred in the former, the latter exhibited a significant free energy reduction associated with the formation of defect clusters. Similar defect clustering could induce phase separation in the present study. Previous study of LaNiO 3 / LaAlO 3 interfaces has also raised the intriguing possibility of the phase separation driven by a polar mismatch at the film-substrate interface.
12
To reveal the atomic-scale origin of LMNO's properties in the initial growth stages, we have evaluated the thermodynamic stability of several types of defect structures as a function of LMNO film thickness using the density functional theory (DFT) formalism. We note that idealized LMNO / STO interface is a polar / nonpolar junction that is expected to exhibit electrostatic potential build-up in the LMNO film as its thickness (n) increases. In contrast to the well-known case of LaAlO 3 / SrTiO 3 (LAO / STO), Ni and Mn species in LMNO have partially occupied 3d shells, which can facilitate electron charge redistribution within the film and, thereby offsetting electrostatic potential build up without cross-interface cation intermixing.
26,27
According to our calculations, the electrostatic field in the film is ∼0.1 VÅ −1 (see Figure   S4 .A for more details) for n = 4 u.c., which is significantly smaller than the corresponding field of ∼0.24 VÅ −1 theoretically predicted for idealized LAO / STO. 28 The low field value is consistent with the following charge redistribution scenario: as the LMNO thickness increases from n = 2 to n = 4 u.c., ∼0. internal field induced by the polarity mismatch, as shown in Figures 4.A,B . In turn, as the top-most LMNO plane becomes positively charged with respect to the bulk lattice, the surface anions become destabilized. This effect is illustrated in Figure S5 , which shows that, with the exception of a single monolayer LMNO film, the energy cost of forming an oxygen vacancy in the top-most LMNO plane decreases with increasing film thickness. We find that two electrons associated with such oxygen vacancies are primarily localized at the Mn species located near the vacancy site; the resulting electron density redistribution and atomic displacements further suppress the internal field to less than 0.05 VÅ −1 (see Figure   S4 .B).
Next we demonstrate that cation (Mn and Ni) site disorder is strongly correlated to the local oxygen deficiency. The cost of forming this configuration is ∼0.3 eV with respect to the ordered LMNO film.
Similarly, the structure formed by off-register deposition of two consecutive LMNO unit cells is only 0.3 eV less stable than the corresponding ordered structure (see Figure S6 for more details). Assuming that the formal ionic charges of Ni, Mn, and O species remain unchanged, such non-ordered configurations have local regions that are either negatively Our experimental measurements reveal the presence of a phase-pure 1-5 nm interface region of LMNO that is devoid of NiO precipitates. XRD and GPA confirm that the film is uniformly strained, pointing toward another mechanism for phase separation. These findings help clarify anomalous features in prior TEM and electron diffraction studies, 15,31 which we believe are the result of nanodomain formation that is not apparent in conventional XRD measurements. We propose that when the LMNO is thin, the polarity discontinuity potential is low and its effect on the formation of oxygen vacancies and cation disorder is negligible.
While we cannot rule out the formation of these defects, the relatively high oxygen vacancy formation energies for thin films (see Table SI ) and the experimentally observed phase-pure LMNO within 1-5 nm near the interface, suggest that the concentration of these vacancies is low. As the film grows, the built-in potential arising from the polar discontinuity at the LMNO / STO interface becomes sufficient to promote the formation of surface oxygen vacancies and associated Mn / Ni site disorder, including segregation of Mn-rich and Nirich areas. Furthermore, as the number of Mn 4+ ions in the film becomes sufficiently large, additional vacancies can form as discussed above and promote the formation of Ni-rich regions with a chemical composition equivalent to that of NiO.
Our measurements provide direct evidence that the onset of NiO phase separation in LMNO / STO films begins 1-5 nm from the interface. We note that local GPA and ensemble-averaged X-ray RSM indicate that the LMNO film is fully strained to the substrate and that no measurable relaxation takes place. Ab initio modeling suggests that Ni-rich areas form in response to oxygen-deficiency; in turn, the likelihood of oxygen vacancy formation increases with increasing LMNO thickness due to the polarity mismatch at the LMNO / STO interface. Beyond a 1-5 nm phase-pure interface region, NiO precipitates form in a quasiepitaxial growth relationship to the substrate, indicating that synthesis in an environment of limited oxygen fugacity may serve as a route to design ordered nanocomposites. As defectfree LMNO is deposited atop LMNO containing NiO precipitates, the polarity mismatch between these regions and the resulting built-in electrostatic potential will further enhance oxygen vacancy formation; this, in turn, will trigger the precipitation of new Ni-rich regions.
Finally, we propose that dynamic tuning of growth conditions can be used to control the onset of NiO phase separation. In particular, increasing oxygen chemical potential either by elevating the growth pressure or by introducing additional oxygen atmosphere annealing steps can suppress the formation of oxygen vacancies, even in the presence of builtin electrostatic potential. Alternatively, doping LMNO with transition metals that enable efficient electron redistribution within the film would also suppress the built-in potential, as well as its effect on the oxygen vacancy formation. In both cases it may be possible to dictate the onset, distribution, and morphology of the NiO precipitates, paving a way for control of nanoscale phase separation and precise atomic-scale synthesis.
SUPPLEMENTARY MATERIAL
Supplementary material containing details on the methods used, STEM imaging, EELS, APT, and DFT is available online.
